Autophagy is an evolutionarily conserved 'self-eating' process. Although the genes essential for autophagy (named Atg) have been identified in yeast, the molecular mechanism of how Atg proteins control autophagosome formation in mammalian cells remains to be elucidated. Here, we demonstrate that Bif-1 (also known as Endophilin B1) interacts with Beclin 1 through ultraviolet irradiation resistance-associated gene (UVRAG) and functions as a positive mediator of the class III PI(3) kinase (PI(3)KC3). In response to nutrient deprivation, Bif-1 localizes to autophagosomes where it colocalizes with Atg5, as well as microtubule-associated protein light chain 3 (LC3). Furthermore, loss of Bif-1 suppresses autophagosome formation. Although the SH3 domain of Bif-1 is sufficient for binding to UVRAG, both the BAR and SH3 domains are required for Bif-1 to activate PI(3)KC3 and induce autophagosome formation. We also observed that Bif-1 ablation prolongs cell survival under starvation conditions. Moreover, knockout of Bif-1 significantly enhances the development of spontaneous tumours in mice. These findings suggest that Bif-1 joins the UVRAG-Beclin 1 complex as a potential activator of autophagy and tumour suppressor.
localization in mouse embryonic fibroblast (MEF) cells during serum deprivation, a pancaspase inhibitor (z-VAD-fmk) was added to prevent apoptosis-induced cell detachment. Surprisingly, z-VAD-fmk did not prevent, but instead enhanced serum deprivation-induced cell death of wild-type MEFs, indicating that a caspase-independent pathway regulates cell death when apoptosis is blocked (see Supplementary  Information, Fig. S1a ). It has been shown that inhibition of apoptosis (type I programmed cell death; PCD) by treatment with a caspase inhibitor triggers type II PCD, also known as autophagic cell death, in L929 fibroblasts 22 . Similar cell death has been observed in MEF cells lacking Bax and Bak proteins when treated with etoposide 23 . Interestingly, addition of z-VAD-fmk had no effect on the cell death of Bif-1 -/-MEFs (see Supplementary Information, Fig. S1a ), suggesting that Bif-1 may contribute to type II PCD.
To determine whether Bif-1 is involved in autophagy-dependent cell death, spontaneously immortalized Bif-1 +/+ and Bif-1 -/-MEFs 21 were cultured in Earl's Balanced Salt Solution (EBSS), an amino acid and growth factor-free medium. Bif-1 -/-cells exhibited a resistance to trypan blue staining after EBSS culture, suggesting that loss of Bif-1 protects cells from death during nutrient starvation (Fig. 1a) . This was confirmed by clonogenic survival (see Supplementary Information, -/-cells was diminished by restoration of Bif-1 expression (Fig. 1b) . To further determine whether this cell death is caspase-dependent, wild-type cells were treated with z-VADfmk. Addition of z-VAD-fmk had no effect on the death of wild-type cells (Fig. 1c) , demonstrating that MEFs could undergo cell death independently of caspase activity after nutrient starvation. In contrast, the caspase inhibitor significantly suppressed the cell death of Bif-1 -/-MEFs (Fig. 1c) , suggesting that the cell death observed in Bif-1-deficient cells is apoptosis-dependent. The ability of MEFs to undergo caspase-independent cell death under starvation conditions was further confirmed in Bax-Bak double-knockout MEFs (Fig. 1d) , which are resistant to apoptosis induced by a wide variety of death stimuli 24 .
Autophagy is required for caspase-independent cell death
To determine whether autophagy is required for cell death induced by nutrition starvation, autophagy was inhibited by silencing Atg genes or by treating cells with PI(3)KC3 inhibitors. Starvation-induced cell death was repressed by knockdown of Beclin 1 (Fig. 2a, b) . Notably, the reduction of cell death by Beclin 1 shRNA was much greater in Bax-Bak double-knockout MEFs compared to wild-type cells after 12 h culture in EBSS (Fig. 2b) , suggesting that, under starvation conditions, autophagy is the primary cell-death mechanism when apoptosis is blocked. Similarly, pharmacological inhibition of autophagy by treatment with 3-methyladenine (3-MA) or wortmannin significantly reduced EBSS-induced cell death in wild-type MEFs (Fig. 2c) . In contrast, inhibition of autophagy had no effect on the death of Bif-1 -/-MEF cells (Fig. 2a, c) . Consistent with previous observations 25 , caspase-3 activation was promoted by inhibition of autophagy ( Fig. 2d and see Supplementary Information, Fig. S2a ), in spite of the observed reduction in cell death, suggesting that initiation of autophagy suppresses apoptosis and simultaneously activates a caspase-independent cell-death pathway. To confirm this finding, cell death and caspase-3 activation were examined in the well-characterized, autophagy-deficient, Atg5-knockout MEFs 26 . Consistently, impairment of autophagy (by loss of Atg5) suppressed EBSS-induced cell death despite enhanced caspase-3 activity (Fig. 2e, f) .
Bif-1 is involved in autophagy
To investigate the intracellular events that occur during nutrition deprivation, cells were examined by electron microscopy. Incubation in EBSS induced a large number of autophagic vacuoles in the cytoplasm of wild-type cells (Fig. 3a) . However, the number of autophagosomes was significantly lower in cells lacking Bif-1 (Fig. 3a) , suggesting that Bif-1 participates in the formation or processing of autophagic vacuoles. Moreover, lack of Bif-1 resulted in inhibition of GFP-LC3 fusion protein punctate foci formation (Fig. 3b) , which is a well-characterized marker used to visualize autophagosomes, and represents the accumulation of a membrane-bound form of LC3 onto autophagic vacuoles 27 . Inhibition of autophagy by treatment with wortmannin reduced the number of GFP-LC3 positive foci (see Supplementary Information, Fig. S2b ). Similar results were obtained using HeLa cells that were stably transfected with Bif-1 shRNA versus control cells (Fig. 3e) . The expression of Bif-1 shRNA-resistant Bif-1, but not a Bif-1 ΔBAR mutant, restored GFP-LC3 punctate foci formation in Bif-1-knockdown cells (Fig. 3f ) , suggesting that the BAR domain is required for Bif-1 to induce autophagosome formation. During autophagy, LC3 is processed from the cytosolic form (LC3-I) to the membrane-bound form (LC3-II) 27 . If Bif-1 is involved in the formation of autophagic vacuoles, we reasoned that LC3 modification should be inhibited by deletion of Bif-1. As expected, the processing of LC3-I to LC3-II was suppressed in Bif-1 -/-MEFs after starvation (Fig. 3c) . Importantly, this delayed LC3 modification in Bif-1 -/-cells was overcome by restoration of Bif-1 expression (Fig. 3d) . Notably, the basal level of LC3-II in normal cultures was lower in Bif-1 -/-MEFs compared to wild type cells (Fig. 3c) . Interestingly, decreased α-tubulin expression was suppressed in Bif-1 -/-cells during EBSS culture (Fig. 3c) , suggesting that autophagic degradation of cellular proteins was also inhibited by loss of Bif-1.
Bif-1 localizes to autophagosomal membrane
To examine the role of Bif-1 in the regulation of autophagy, immunofluorescence microscopy analyses were performed to determine the intracellular distribution of Bif-1-HcRed in combination with GFP-Atg5 or GFP-LC3. Consistent with previous reports 27, 28 , both GFP-Atg5 and GFP-LC3 formed punctate dots in the cytoplasm after deprivation of nutrients (Fig. 4a) . Under nutrition-rich conditions, Bif-1 was localized to the cytosol, particularly in perinuclear regions (Fig. 4a) . However, on withdrawal of nutrients, Bif-1 accumulated in punctate structures, along with Atg5 and LC3 (Fig. 4a and see Supplementary Information, Fig. S3 ), suggesting that Bif-1 translocated to autophagosomal membranes. Furthermore, the autophagosomal localization of Bif-1 was confirmed by immuno-gold electron microscopy (Fig. 4b) . Atg5 has been shown to be localized on the isolation membrane throughout the elongation step of autophagosome formation and to dissociate from autophagosomal membranes once autophagosome formation is complete 28 . Notably, almost all GFP-Atg5 dots were Bif-1-HcRed positive (Fig. 4a) , indicating that Bif-1 is involved in the early stages of autophagosome formation.
Bif-1 interacts with Beclin 1 through UVRAG As Bif-1 colocalizes with Atg5 and LC3, coimmunoprecipitation assays were performed to determine whether Bif-1 interacts with Atg proteins during autophagy. Endogenous Bif-1 was found to coprecipitate with endogenous Beclin 1, but not LC3 (Fig. 5a ). This interaction was confirmed by ectopic expression of epitope-tagged Bif-1 and Beclin 1 (see Supplementary Information, Fig. S4a) . Interestingly, the Bif-1-Beclin 1 interaction was enhanced by starvation ( Fig. 5a and data not shown), suggesting that Bif-1 is involved in the autophagic pathway that is regulated by Beclin 1.
Recently, it has been shown that UVRAG directly interacts with the Beclin 1-PI(3)KC3 lipid kinase complex to activate autophagy 29 . UVRAG contains an amino-terminal proline-rich sequence, followed by a potential calcium-dependent phospholipid binding C2 domain and a central coiled-coil domain (CCD). UVRAG directly binds Beclin 1 through the CCD 29 . Although the proline-rich and C2 domains are not required for UVRAG interaction with Beclin 1, removal of the Nterminal domains reduces the autophagosome formation activity of UVRAG, suggesting that the proline-rich or C2 domain also contribute to efficient autophagosome formation 29 . Interestingly, Bif-1 contains a C-terminal SH3 domain, forms a complex with Beclin 1, and is involved in autophagosome formation. Thus, we speculated that UVRAG may function as a bridge molecule for the Bif-1-Beclin 1 interaction. Coimmunoprecipitation experiments revealed that Bif-1 had a relatively high binding affinity for UVRAG compared to Beclin 1 (Fig. 5b) . The SH3 domain of Bif-1 was required and sufficient for interaction with UVRAG (Fig. 5c) . Overexpression of the Beclin 1 binding domain of UVRAG, the CCD, disrupted the association of Bif-1 with Beclin 1 (see Supplementary Information, Fig. S4b) . Moreover, knockdown of UVRAG by small interfering RNA (siRNA) completely blocked the Bif-1-Beclin 1 interaction at physiological protein levels in 293T cells following nutrient withdrawal (Fig. 5d) . These results clearly indicate that Bif-1 interacts with Beclin 1 through UVRAG.
Because the SH3 domain of Bif-1 is sufficient for Bif-1 to bind to UVRAG (Fig. 5c ) and the BAR domain of Bif-1 is required for its ability to rescue autophagosome formation in Bif-1 knockdown cells (Fig. 3f) , we next examined whether the SH3 domain of Bif-1 had a dominantnegative effect on autophagy. Overexpression of the Bif-1 SH3 domain inhibited GFP-LC3 punctate foci formation in a dose-dependent manner in HeLa cells following nutrient deprivation (Fig. 6a) . In marked contrast, overexpression of the SH3 domain of Endophilin A1 had no effect on autophagosome formation (Fig. 6b) , which is consistent with the inability of Endophilin A1 to interact with UVRAG (Fig. 6c) .
Bif-1 regulates PI(3)KC3 activity
Given that Bif-1 is a component of the Beclin 1 complex, we wanted to determine whether Bif-1 affects the lipid kinase activity of PI(3)KC3 during autophagy. In vitro kinase assays showed that the activation of PI(3)KC3 in response to nutrient deprivation was suppressed in Bif-1 -/-MEFs compared to wild-type cells (Fig. 7a) . This was confirmed by analysis of foci formation of the p40(phox) PX-EGFP fusion protein 29 , which specifically binds to PtdIns(3)P produced by PI(3)KC3 (Fig. 7b) . Moreover, knockdown of Bif-1 in HeLa cells also significantly reduced the enzymatic activity of PI(3)KC3 (Fig. 7c) . After nutrient deprivation, overexpression of wild-type Bif-1, but not the SH3 deletion mutant, enhanced PI(3)KC3 activation in 293T cells (Fig. 7d) . Taken together, these observations suggest that Bif-1 forms a complex with Beclin 1, through UVRAG, to facilitate the activation of the PI(3)KC3 lipid kinase and autophagosome formation under starvation conditions (Fig. 7e) .
Knockout of Bif-1 promotes spontaneous tumorigenesis in mice
Unlike Beclin 1-deficient mice, which are embryonic lethal 10, 30 , Bif-1 -/-mice developed normally and were indistinguishable from their wild-type littermates. This phenotype is also different from Atg5 or Atg7 knockout mice, which cannot overcome severe starvation periods after birth and die at an early neonatal stage 26, 31 . One possible explanation for the discrepancy between the phenotypes of Bif-1 knockout and Atg knockout mice is that unknown factor(s) exists in specific tissues that functionally compensate for the lack of Bif-1 during embryonic and neonatal development. Anatomical and histological analyses showed that most organs examined in Bif-1 -/-mice seemed to be normal with the exception of the spleen, which was significantly larger than that of age-matched wild-type mice (Fig. 8a) . However, Bif-1 -/-mice had a significantly higher tumour incidence: 26 of 29 (89.7%) Bif-1 knockout mice developed spontaneous tumours at an average age of 12 months, compared to only 3 of 21 (14.3%) wild-type mice (P <0.001, Fisher's exact test; Fig. 8b) 
DISCUSSIon
We have demonstrated that Bif-1 forms a complex with Beclin 1 through UVRAG to enhance PI(3)KC3 lipid kinase activity and induce autophagosome formation during nutrient starvation. Notably, EBSSinduced PI(3)KC3 activation was only partially suppressed by loss of Bif-1 (Fig. 7) , whereas the autophagosome formation was greatly blocked in Bif-1-deficient cells (Fig. 3) . These results suggest that Bif-1 has other modes of action besides enhancing PI(3)KC3 activation for the regulation of autophagy. Similarly, Beclin 1 is indispensable for autophagosome formation 8 , whereas deletion of the Beclin 1 homologue VPS30 in yeast only partially suppresses PI(3)K activity 32 . Moreover, silencing of Beclin 1 in Bif-1 knockout cells has no significant effect on autophagy-dependent cell death (Fig. 2a) , suggesting that Bif-1 and Beclin 1 participate in the same signalling pathway in response to nutrient deprivation. The process of autophagy involves multiple steps, including initiation, cargo packaging, vesicle nucleation, vesicle expansion and completion, retrieval, docking and fusion, and lysosomal degradation of the vesicles and their contents 2, 4, 5, 33 . Of these steps, vesicle nucleation is one of the least understood aspects of autophagy, as the driving force for membrane curvature and deformation is entirely unknown 2 . It has been shown that Beclin 1 is involved in the nucleation of autophagosomal membranes 2 and that Bif-1 binds to lipids and induces membrane curvature 18 . Therefore, it is possible that Bif-1 interacts with Beclin 1, through UVRAG, at the isolation membrane or phagophore, and thus regulates vesicle nucleation by inducing membrane curvature through its N-BAR domain during autophagy (Fig. 7e) . Recently, it has been demonstrated that Bif-1 plays a critical role in vesicle formation for coat protein I (COPI)-mediated retrograde transportation from the trans-Golgi network (TGN) to the endoplasmic reticulum 19 . Moreover, the majority of Beclin 1 has been shown to be localized in the TGN 9 . Therefore, it will be interesting to determine whether Bif-1-mediated COPI-vesicle formation contributes to the process of autophagy.
Although autophagy is thought to perform an essential function in cell survival by recycling nutrients under starvation conditions 3, 7, 34 , accumulating evidence suggests that autophagy is also involved in programmed cell death 4, 7 . We observed that suppression of autophagy promotes nutrient deprivation-induced caspase-3 activation (Fig. 2) , which is consistent with the hypothesis that autophagy is an adaptive response connected to cell survival. Interestingly, blockade of apoptosis by caspase inhibition does not improve cell survival, whereas inactivation of autophagy suppresses cell death under starvation conditions. These results suggest that autophagy coordinates programmed cell death and favours a caspase-independent mechanism over apoptosis. Unlike apoptosis, which is executed by activated caspases, autophagic cell death occurs in a caspaseindependent manner through the degradation of cytoplasmic proteins and organelles. It is not difficult to imagine that autophagic degradation of cytoplasmic components promotes the collapse of cellular functions and leads to an irreversible cell death, while at the same time preventing caspase activation and apoptosis by the removal of damaged organelles (such as mitochondria) and pro-apoptotic proteins 4 . Recent evidence suggests that autophagy is involved in tumorigenesis 3, 4, 35 and it has also been shown that the rate of autophagy is reduced during chemical carcinogenesis in rats [36] [37] [38] . In addition, oncogenes (such as Akt and Bcl-2) suppress autophagy, whereas tumour suppressors (such as DAPK, p53 and PTEN) stimulate autophagy [39] [40] [41] [42] . Haploid deletion of Beclin 1 is frequently detected in human breast and ovarian cancers 8, 43 . In comparison with wild-type mice, Beclin 1 +/-mice have a higher frequency of tumour occurrence, including lymphomas, liver carcinomas and lung cancers 10, 30 . Similarly to Beclin 1, UVRAG pro- motes autophagy and suppresses tumorigenesis in nude mice 29 . It has also been shown that UVRAG is mono-allelically mutated at a high frequency in human colon cancer cells 44 . Consistently, suppression of Bif-1 expression in HeLa cells promotes tumour growth in nude mice 21 , and we showed that knockout of Bif-1 significantly enhances the development of spontaneous tumours in mice (Fig. 8) . Furthermore, homozygous deletion of the Bif-1 gene has been identified in mantle-cell lymphomas 45 and decreased expression of Bif-1 has been reported in gastric carcinomas 46 . Although further studies are required to elucidate the precise mechanism of action of Bif-1 in Beclin 1-mediated initiation of autophagy, this study has identified Bif-1 as an activator of autophagy and a tumour suppressor, and provides new evidence in support of the hypothesis that induction of autophagy could contribute to the prevention and treatment of cancer.
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RNA interference.
The sequences for GFP siRNA and UVRAG siRNA were described previously 21, 29 . All siRNAs were purchased from Dharmacon (Lafayette, CO) and transfected into cells at 10 μg of siRNA per 1 × 10 6 cells using the nucleofector system (Amaxa, Gaithersburg, MD). The anti-UVRAG polyclonal antibody was provided by Abgent (San Diego, CA). The sequences for scrambled control shRNA (SCR shRNA) and Beclin 1 shRNA are 5ʹ-CAACAAGATGAAGAGCACCAA-3ʹ and 5ʹ-GCGGGAGTATAGTGAGTTTAA-3ʹ, respectively. All lentiviral shRNA Autophagy assays. Cells were cultured on 0.1% gelatin-coated dishes or coverslips, washed twice with PBS, once with EBSS and then incubated in EBSS for the indicated times. For the electron microscopic analyses, cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2 for 16 h at 4 °C, postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer at pH 7.2 for 1 h at 4 °C, embedded, sectioned at a thickness of 80 nm, stained with 6% uranyl acetate and Reynolds lead citrate and analysed with a Philips CM10 transmission electron microscope. For the analysis of GFP-LC3 punctate foci, cells were transfected with GFP-LC3 using FuGENE HD (Roche, Indianapolis, IN) for 20 h. After incubation in EBSS, the cells were fixed in 3.7% formaldehyde and the number of GFP dots (≥300 nm diameter) per GFP-positive cell was counted using an automated Zeiss Axio-Imager Z.1 microscope. To analyse the modification of LC3-I to LC3-II, total cell lysates were prepared in radio-immunoprecipitation assay buffer (150 mM NaCl, 10 mM Tris-HCl at pH 7.4, 0.1% SDS, 1% Triton X-100, 1% deoxycholate and 5 mM EDTA at pH 8.0) containing protease inhibitors and subjected to SDS-PAGE and immunoblot analysis with anti-rat LC3 polyclonal antibody 27 .
Coimmunoprecipitation and confocal microscopy. Total cell lysates were prepared in 2% CHAPS lysis buffer (20 mM Tris-HCl at pH 7.5, 137 mM NaCl, 2 mM EDTA, 10% glycerol and 2% CHAPS) containing protease inhibitors and subjected to immunoprecipitation with anti-Bif-1 (Imgenex, San Diego, CA), anti-Flag (Sigma, St Louis, MO) or anti-Myc-tag monoclonal antibodies. The resulting immunocomplexes were washed three times with lysis buffer and subjected to western blot analysis with anti-Beclin 1 (Abgent), anti-Bif-1 (GeneTex, San Antonio, TX), anti-LC3 (T. Yoshimori, Osaka University, Osaka, Japan; ref. 27 ), anti-Myc (Sigma) or anti-Flag (Sigma) polyclonal antibodies. To determine Bif-1 localization during autophagy, COS7 cells were grown on gelatinized coverslips and transfected with Bif-1-HcRed and GFP-Atg5 or GFP-LC3. Twenty hours after transfection, the cells were washed twice with PBS, once with EBSS, incubated in EBSS for 2 h, fixed in 3.7% formaldehyde in PBS and mounted with DAPI containing medium (Vector Laboratories, Burlingame, CA). Fluorescence images were analysed by a Leica DMI6000 laser scanning confocal microscope.
Immunoelectron microscopy. COS7 cells were transfected with Bif-1-GFP for 20 h and cultured in EBSS for 2 h. The cells were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.2 for 90 min, incubated in 0.1% sodium borohydride in 0.1 M phosphate buffer at pH 7.2 for 30 min and permeabilized with 0.05% Triton X-100 in PBS for 30 min. After 30 min incubation in blocking buffer (5% BSA fraction V, 0.1% cold water fish gelatin, 5% normal goat serum in PBS at pH 7.4), the cells were stained with anti-GFP rabbit polyclonal antibody (Invitrogen) for 1 h, followed by goat anti-rabbit IgG fab' secondary antibody (Electron Microscopy Science, Hatfield, PA). The cells were fixed in 2.5% glutaraldehyde overnight at 4 °C and post-fixed in 0.5% osmium tetroxide for 30 min. The gold particles were enlarged for 25 min with a silver enhancement kit (Electron Microscopy Science). The cells were then dehydrated, infiltrated with plastic, embedded in plastic, sectioned at a thickness of 80 nm, stained with 6% uranyl acetate and Reynolds lead citrate and analysed with a Philips CM10 transmission electron microscope.
PI(3)KC3 activity assays. Cells were transfected with Flag-tagged PI(3)KC3 or p40(phox) PX-EGFP for 24 h and incubated in EBSS or normal culture medium for an additional 2 h. For the in vitro PI(3)KC3 kinase assays, Flag-PI(3)KC3 was immunoprecipitated with anti-Flag affinity beads (Sigma), washed twice with 1% NP40 in PBS, twice with washing buffer (100 mM Tris-HCl at pH 7.5, 500 mM LiCl), twice with TNE buffer (10 mM Tris-HCl at pH 7.5, 100 mM NaCl and 1 mM EDTA) and pre-incubated for 10 min at room temperature in 60 μl of reaction buffer (10 mM MnCl 2 in TNE) containing 2 μg of sonicated phosphatidylinositol. The reaction was initiated with addition of 5 μl of ATP mix (1 μl 10 mM unlabelled ATP, 1 μl γ- Histological examination. Bif-1 knockout mice were generated by targeted homologous recombination, as previously described 21 . All mice used for examination of spontaneous tumour development were of 129SvJ x C57BL/6 crosses. For histological examination, tissues extirpated from 6-18 month-old mice were fixed in 10% formaldehyde, embedded, sectioned, stained with hematoxylin and eosin and examined by two independent senior pathologists (D.C. and H.D.C.).
Note: Supplementary Information is available on the Nature Cell Biology website.
